Aldosterone increases the renal retention of sodium chloride and promotes the excretion of potassium ions ( 1-11 ); but where and how the hormone acts in the renal tubule is poorly understood. The present study was designed to characterize further the mode and site of action of aldosterone in the nephron.
Aldosterone increases the renal retention of sodium chloride and promotes the excretion of potassium ions (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) ; but where and how the hormone acts in the renal tubule is poorly understood. The present study was designed to characterize further the mode and site of action of aldosterone in the nephron.
Information can be obtained about the site of action of a compound by observing its effect on free water formation (12) . According to a current concept of renal physiology (13) , reabsorption of solute (sodium chloride) is isosmotic in the proximal tubule (14) , whereas, in the more distal segments, reabsorption may or may not be isosmotic (15, 16) . During water diuresis (absence of antidiuretic hormone) the distal reabsorption of solute is selective, i.e., occurs without isosmotic amounts of water, leaving "solute-free" water behind for excretion (17) . Thus, by determining the effect of a compound on solute excretion and on free water formation during maintained water diuresis, information may be obtained about its site of action (12) . If aldosterone were to act to promote isosmotic reabsorption of sodium, the consequent reduction in solute excretion would be accompanied by a fall in urine flow and no change or fall in free water excretion. However, if aldosterone acts only at a more distal site, where reabsorption is selective, the reduced sodium excretion would be accompanied by no change in urine flow and hence, by a rise in free water excretion.
In the present study it has been shown that aldosterone can promote abstraction of sodium chloride exclusive of water from the tubular urine. This action takes place in the tubule at a locus distal to that of isosmotic reabsorption. Also, this effect of the hormone on sodium chloride reabsorption appears to be dissociated from the effect on potassium excretion.
EXPERIMENTAL
Seven studies were performed on 3 subj ects without evidence of renal or cardiovascular disease. Four of the experiments were done with subj ects maintained on a normal NaCl intake (4 to 6 g NaCl per day for 7 days), two with the subj ects on a higher intake of salt for 7 days (8 to 20 g NaCl per day), and one after drastic salt deprivation (less than 250 mg per day for 6 days). In two subjects on normal salt intake, control studies of similar protocol but without administration of aldosterone were performed. All experiments were conducted in the fasting state at the same early morning hour with the subjects in a recumbent position.
Water diuresis was induced by having the patient ingest about 1,500 ml of water by mouth during the hour before the experiment and was subsequently maintained by intravenous infusion of 5 per cent dextrose and water at a constant rate, at least 2 ml per minute greater than urinary output. Adequate control periods were obtained until a steady state of maximum urine flow was demonstrated, so that any subsequent change in free water clearance could not be attributed to an increasing water diuresis.
When a steady state of maximum water diuresis had been achieved, 1 mg of d,l-aldosterone monoacetate in 10 ml of 10 per cent ethanol was administered intravenously.' This was followed by another 1 mg given in the dextrose and water infusion over the next hour. After the aldosterone administration was complete, the infusion of dextrose and water was continued at a constant rate. Plasma and urine samples were analyzed for inulin or creatinine, para-aminohippuric acid, and sodium, potassium and chloride, by methods previously described (12 
RESULTS
The results of these experiments are summarized in Tables I, II and III and in Figures 1  through 4 . In Table III , a typical control protocol is given. In Table I the complete protocol of one experiment is given, and in Figure 1 plete results of another experiment are depicted graphically.
Effect on renal hemodynamics. Aldosterone administration produced no significant changes in either glomerular filtration rate or renal plasma flow (Tables I and II) . The subjects varied considerably in their control glomerular filtration rate values from 102 ml per minute in M.U. to 213 ml per minute in J.O.; a similar variation was noted in the renal plasma flow. Because no consistent alteration was observed in a given patient in these values after injection of the hormone, the marked changes in solute and electrolyte excretion Ito be described were not attributable to alterations in renal hemodynamics and therefore appeared to be due to the action of aldosterone on the renal tubules.
Effect on sodium and chloride excretion. Following aldosterone administration there was a delay of from 20 to 60 minutes before a significant reduction in sodium chloride excretion developed. During the first 20 to 60 minutes of aldosterone administration variable effects were observed, and in two of the seven studies a transient increase in sodium chloride excretion actually occurred in this early period (Figure 2 , Tables I and II) Effect on potassium excretion and on urinary pH. In every experiment but one (M.U., saltdepleted) potassium excretion was at least transiently increased. The increased potassium excretion often preceded the sodium chloride retention and persisted during the periods of maximal sodium retention in only four of the seven experiments (Tables I and II ; Figures 1 and 2 ). The magnitude of the increased potassium excretion produced by aldosterone (,A UKV) was small, ranging from + 12 to + 40 uEq per minute or from + 17 to + 30 per cent of the control values. The increments in K+ excretion were of similar degree in all studies and were of considerably lesser magnitude than the decrements observed in sodium chloride excretion.
The urinary pH was observed to fall following aldosterone excretion (Tables I and II) . The average observed fall was 0.38 pH units at the peak of the action of the hormone on total solute excretion.
Effect on urine flow, total solute clearance and free water excretion. In all studies aldosterone was administered only after the peak of water diuresis had been achieved. The control rate of urine flow varied considerably in different subjects from 10 to 45 ml per minute. These individual variations in urine flow seemed to be related to the variations in filtered load of solute (24) . After aldosterone administration, the urine flow either did not change or showed a slight decrease, such as that which occurs in prolonged water diuresis. Therefore, the effects of aldosterone were observed during the descending limb of water diuresis.
The changes in total solute excretion after aldosterone paralleled the changes in sodium excretion both in magnitude and in phase. Thus, after an initial delay of from 20 to 60 minutes a progressive and marked reduction in urinary osmolarity ensued reaching a nadir 2 to 4 hours after the aldosterone administration. Urinary osmolarity fell to levels well below that which would be expected from water diuresis alone (21) (22) (23) (20 /Osm per ml). Thus, aldosterone facilitated the formation of an extremely dilute urine with an increased urine/plasma osmolar gradient. The urine/plasma sodium concentration gradient increased markedly in like manner.
As was the case with sodium chloride excretion, the total solute excretion did not fall appreciably in the sodium-depleted subject. However, in the other six studies total solute concentration was reduced by from 49 to 67 per cent of control values. A similar reduction in the total solute clearance (Cos, n ) was thus observed.
Since the urine flow did not change appreciably while the osmolar clearance decreased markedly, an increase in free water clearance was produced by aldosterone. In the first six experiments, the free water clearance was increased by from 1.1 to 4.3 ml per minute, but in the sodium-depleted subject, M.U., the observed changes were again slight. Since the urine flow was not rising, the calculated increases in free water cannot be attributed to an increasing water diuresis, and because solute excretion was falling, they cannot be the result of an increased solute load (24) . Hence, these results imply the hypertonic abstraction of solute from the urine, i.e., reabsorption of solute unaccompanied by isosmotic amounts of water.
In Figure 3 the relationship between the osmolar clearance and the free water clearance before and after aldosterone for all seven experiments is plotted. It can be seen that after aldosterone the fall in solute clearance (A CO--1M) is equal to, or almost equal to, the rise in free water clearance (A C1120). In fact, in four studies of Subjects M.U. and S.H., 1 ml of free water was added to the urine for each milliliter of urine cleared of solute. This implies that aldosterone caused the virtually totally selective abstraction of solute without water from the tubular urine.
Relationship of changes in sodium and chloride clearances to changes in osmnolar clearance. Because in normal individuals sodium and chloride are the major osmolar constituents of urine and plasma and comprise the bulk of the filtered load, these solutes are the only ones available for tubular reabsorption in amounts sufficient to account for most of the free water generated during water diuresis (13) . Therefore, one might assume that the changes in osmolar and free water clearance produced by aldosterone were due to the effects of the hormone on sodium ( In an effort to relate graphically the effect of aldosterone on sodium excretion to that on solute excretion (Figure 4 ), twice the CXa 2 caused by the hormone has been plotted against the Cosm caused by the aldosterone for all experiments, with a resultant linear relationship. It can be seen that the changes of Cosm and thus of free water can be interpreted to be mainly a result of the effect of aldosterone on sodium (with equivalent anions). Hence, it can be concluded that aldosterone produced a fall in C0511, and a rise in CH2O by the abstraction of salt from a distal portion of the nephron.
Effect on urea excretion. In all experiments, the urea clearance declined gradually with no acute change observed following aldosterone administration. These data are not given in the tables. DISCUSSION A number of the observations made in the present study appear to confirm and extend the gOsm) was abstracted from tubular lumen. For a A CNa of 1 ml then, 1 X PNa (approximately 140 /LEq) of Na' was abstracted. Each microequivalent is an osmotically active particle. In abstraction of Na+ an equivalent number of anions, also osmotically active particles, was removed. Hence, to relate A CNa to A COSm, one must multiply A CNa X 2.
findings of other investigators. Thus, the delayed onset of action (3. 7, 25-29) , the lack of effect on renal hemodynamics (2, 28, 30) , the sodium and chloride retention, and the kaliuresis of aldosterone (1-13) have all been described under a variety of experimental and clinical conditions.
In the present study a latent period of about 20 to 60 minutes was observed before there was any demonstrable effect of the hormone on sodium excretion. The peak effect occurred in 2 to 4 hours, and the action lasted for as long as 6 to 8 hours after administration. In previous studies of man, other investigators have also noted a similar latent period and a similar duration of activity (3, 7, 25) . Moreover, Barger, Berlin and Tulenko (26) and Ganong, Mulrow and Hollinger (31, 32) , utilizing renal artery infusions, and Crabbe (27) , utilizing an isolated toad bladder, have also noted the delayed onset of action of the hormone. Mineralocorticoids such as desoxycorticosterone and aldosterone, in short-term studies, do not appear to alter renal hemodynamic function either in experimental animals (28) (29) (30) (31) (32) (33) or in man (34) (35) (36) . In the present study aldosterone did not produce significant changes in the renal plasma flow or in the glomerular filtration rate. There- fore, it would appear that the observed effects on electrolyte and water excretion are the result of induced alterations in the activity of tubular transport systems. The intravenous administration of aldosterone caused increased tubular reabsorption of sodium chloride and a kaliuresis. The increased potassium excretion often began prior to salt retention, was relatively small in degree, and at times had ceased before the sodium retention had reached its peak. Similar effects of aldosterone have been described both during acute administration (2, 7, 25, 26, (31) (32) (33) and in more prolonged balance studies (1, (3) (4) (5) (6) 37) .
In the present study aldosterone usually caused sodium retention in excess of chloride, confirming the results of August and Nelson (7), who administered aldosterone intravenously with isotonic saline infusions. It thus appears that aldosterone acted to augment the active renal tubular reabsorption of sodium ion with chloride. Precedent for the stimulation of active sodium transport by aldosterone has been found in vitro by Crabbe (27) , using an isolated toad bladder.
According to present concepts (38) , filtered potassium is completely reabsorbed before the potassium destined for excretion is secreted into the tubular urine by a distal Ki for Na+ ion exchange process. However, while the kaliuresis observed in these experiments may have resulted from an acceleration of this ion exchange mechanism, considerable evidence indicates that the predominant effect of aldosterone-i.e., to cause sodium and chloride reabsorption-occurred independently of, and at a different locus in the distal nephron from the K+ for Na+ ion exchange process. Thus, the kaliuresis in general was not temporally related to the sodium retention, the magnitude of the kaliuresis was far less than the sodium retention, and the degree of kaliuresis in each subject was not related to the corresponding degree of sodium retention. Ion exchange, Na+ for K+, does not explain the significant chloride retention which occurred concomitant with sodium reabsorption. Furthermore, ion exchange does not explain the reduced osmolarity of the urine after administration of the hormone, since the observed decrements in NaCl excretion were, in fact, accompanied by comparable reductions in total solute excretion.
The present study demonstrates that aldosterone can cause the abstraction of sodium chloride without water from the tubular urine, a finding which has not been reported heretofore.3 During maintained water diuresis aldosterone caused the removal of sodium chloride from the urine, producing a fall in osmolar clearance while urine flow was maintained; this resulted in a concomitant rise in free water clearance. For Subjects S.H. and M.U., the relationships between solute abstraction and free water formation were such ( Figure 3) as to suggest that salt was abstracted virtually without water. However, in Subject J.O. the increment in free water clearance was less than the decrement in osmolar clearance indicating that, in this subject, in addition to selective sodium chloride reabsorption, some additional isosmotic reabsorption may also have been induced. Previous studies have indicated (24, 39, 40 ) that, during water diuresis, there is a direct relationship between solute excretion and free water clearance, a rise in Cosm resulting in a rise in CHOTherefore, the rise in free water clearance noted after aldosterone may have more significance because it occurred in the face of a falling solute excretion. Further, because the hormone was administered only after a peak of water diuresis was achieved, when urine flow was either stable or declining, the increment in free water excretion after aldosterone administration cannot be simply the result of an increasing water diuresis.
Because aldosterone facilitates net abstraction of sodium chloride without water from the urine, it thus appears to act in the nephron at a locus distal to the site of isosmotic reabsorption. The concept that free water is formed in the more distal tubular segments by selective reabsorption of solute without water is well supported by a number of studies (14) (15) (16) (17) . Micropuncture studies have shown that in the proximal tubule, sodium reabsorption is isosmotic (14) (15) (16) , while fluid from the early distal tubule has been found to be hypotonic regardless of whether the final urine is hypo-or hyperosmotic (16). Vander and coworkers, using a stop-flow technique (41) , have reported that in adrenalectomized dogs, aldosterone increased the maximal concentration gra-dient for sodium which could be developed between the plasma and distal tubular urine.
Because the hormone caused a distal abstraction of salt without water from the urine, an increased plasma/urine sodium concentration gradient was formed and the urine became more dilute. The results thus suggest that aldosterone is concerned with the production of a hypotonic urine. Inferential support for this role of aldosterone in urinary dilution may be derived from previous studies of electrolyte and water metabolism in adrenalectomized dogs (29, 30, 42, 43) and in patients with adrenal or pituitary insufficiency (35, 44, 45) . In this group a characteristic picture is seen with low glomerular filtration, increased loss of sodium chloride (43) , and a deficient ability to excrete a water load (47) . Mineralocorticoid (46) alone, while promoting salt retention, does not repair the defect in water excretion. Cortisol (20, 30, 44, 46) increases the filtration rate, increases filtered sodium load, and allows more salt to be reabsorbed from the distal tubule with the production of free water and the excretion of a more dilute urine. However, this process is not very efficient, and although the ability to excrete water is improved, this occurs at the expense of substantial urinary wastage of sodium chloride. With cortisol plus a mineralocorticoid (35, 45) , solute (i.e., NaCl) can be more efficiently removed from the distal tubule with both the conservation of sodium and the simultaneous production of a potentially more hypotonic urine for excretion. A similar function for the endogenous adrenal mineralocorticoid hormone, aldosterone, is implied by these data. SUM MARY Aldosterone (2 mg d,l-monoacetate) was given intravenously during a maintained water diuresis to normal subjects. No significant changes in glomerular filtration rate or in renal plasma flow were observed.
After a latent period of from 20 to 60 minutes, during which natriuresis actually occurred in two of the seven studies, the hormone produced a marked reduction in sodium with a lesser reduction in chloride excretion. The peak of this effect occurred in 2 to 4 hours.
Aldosterone also increased potassium excretion, but this effect was often temporally dissociated from the major action of the hormone, which was to cause sodium and chloride retention.
After aldosterone administration urine flow either did not change or declined slightly; the osmolar clearance was reduced, and hence the free water clearance was increased. In some of the studies, the decrement in osmolar clearance approached or was equal to the increment in free water clearance produced by the hormone.
The results suggest that, under circumstances of water diuresis, aldosterone can promote net abstraction of sodium chloride from the urine, virtually without water, in a distal portion of the renal tubule.
The action of aldosterone results in the creation of an increased plasma/urine sodium concentration gradient and the formation of a more hypotonic urine. It 
